Primordial black holes can represent all or most of the dark matter in the window 10 17 − 10 22 g. Here we present an extension of the constraints on PBHs of masses 10 13 − 10 18 g arising from the isotropic diffuse gamma ray background. Primordial black holes evaporate by emitting Hawking radiation that should not exceed the observed background. Generalizing from monochromatic distributions of Schwarzschild black holes to extended mass functions of Kerr rotating black holes, we show that the lower part of this mass window can be closed for near-extremal black holes.
I. INTRODUCTION
Primordial Black Holes (PBHs) are the only candidate able to solve the Dark Matter (DM) issue without invoking new physics. Two mass windows are still open for the PBHs to contribute to all or most of the DM: the 10 17 − 10 19 g range, recently re-opened by [1] after revisiting the γ-ray femtolensing constraint, and the 10 20 − 10 22 g range [2] , from HST microlensing probes of M31. PBHs are believed to have formed during the post-inflationary era, and subsequently evolved through accretion, mergers and Hawking Radiation (HR). If the PBHs were sufficiently numerous, that is to say if they contribute to a large fraction of DM, HR from PBHs may be the source of observable background radiation.
In this Letter, we update the constraints on the number density of PBHs by observations of the diffuse Isotropic Gamma Ray Background (IGRB) [3] , taking into account the latest FERMI-LAT data and, as new constraints, the spin of PBHs and extension of the PBH mass function. Our assumption is that part of the IGRB comes from the time-stacked, redshifted HR produced by evaporating PBHs distributed isotropically in the extragalactic Universe. Those PBHs must have survived at least until the epoch of CMB transparency for the HR to be able to propagate in the intergalactic medium. This sets the lower boundary on the PBH mass M min ≈ 5 × 10 13 g. Furthermore, the HR peaks at an energy which decreases when the PBH mass increases. This sets the upper boundary for the PBH mass M max ≈ 10 18 g as the IGRB emission does not constrain the photon flux below 100 keV.
This Letter is organized as follows: Section II gives a brief reminder of HR physics, Section III describes the IGRB flux computation and Section IV presents the new constraints obtained with Kerr and extended mass function PBHs.
II. KERR PBH HAWKING RADIATION
Black Holes (BHs) emit radiation and particles similar to blackbody radiation [4] with a temperature linked to their mass M and spin parameter a ≡ J/M ∈ [0, M ] (J is the BH angular momentum) through
where r + ≡ M + √ M 2 − a 2 and we have chosen a natural system of units with G = = k B = c = 1. The number of particles N i emitted per units of energy and time is given by
where E ≡ E − mΩ is the total energy of the particle taking into account the BH horizon rotation velocity Ω ≡ a * /(2r + ), a * ≡ a/M ∈ [0, 1] is the reduced spin parameter, m is the projection of the particle angular momentum l and the sum is over the degrees of freedom (dof) of the particle (color and helicity multiplicities). The ± signs are for fermions and bosons, respectively. The greybody factor Γ i (E, M, a * ) encodes the probability that a Hawking particle evades the gravitational well of the BH.
This emission can be integrated over all energies to obtain equations for the evolution of both PBH mass and spin [5] 
and
where
There are two main effects coming from the PBH spin that play a role in the IGRB. Firstly, a Kerr PBH with a near-extremal spin a * 1 radiates more photons than a Schwarzschild one (a * = 0). This is due to the coupling between the PBH rotation and the particle angular momentum for high-spin particles [6] . We thus expect the constraints to be more stringent. Secondly, a near-extremal Kerr PBH will evaporate faster than a Schwarzschild PBH with the same initial mass due to this enhanced HR [7] . Hence, we expect that the constraints will be shifted toward higher PBH masses when the reduced spin parameter a * increases.
III. ISOTROPIC GAMMA RAY BACKGROUND
Many objects in the Universe produce gamma rays, such as Active Galactic Nuclei (AGN) and gamma ray bursts [8] . The IGRB is the diffuse radiation that fills the intergalactic medium once all point-sources have been identified and removed from the measured photon flux. This background might come from unresolved sources, or more speculatively from DM decays or annihilations. (HEAO1+balloon, COMPTEL, EGRET and FERMI-LAT) over a wide range of energies between 100 keV and 820 GeV.
If we consider the simplifying hypothesis that DM is distributed isotropically at sufficiently large scales, then its annihilations/decays should produce, at each epoch of the Universe since transparency, an isotropic flux of photons. Thus, the flux measured along some line of sight should be the redshifted sum over all epoch emissions. Following Carr et al. [3] , we estimate the flux at energy E to be
where n PBH (t 0 ) is the number density of PBHs of a given mass M today, z(t) is the redshift and the time integral runs from t min = 380 000 years at last scattering of the CMB to t max = Max(τ (M ), t 0 ) where τ (M ) ∼ M 3 is the PBH lifetime and t 0 is the age of the Universe. As the Universe is expanding, the number density of PBHs evolves as (1 + z(t)) −3 , and the energy of the emitted photons evolves as (1 + z(t)) −1 . A last factor (1 + z(t)) comes from the change of integrand variable from the line of sight to the present time.
IV. RESULTS
We have used the new public code BlackHawk [9] to compute the HR of Eq. (2) and the PBH evolution given by Eqs. and M max = 10 18 g and initial spin parameters between a * i,min = 0 and a * i,max = 0.9999, and compute the integral of Eq. (7) over the redshift (matter-dominated era)
where H 0 is the present Hubble parameter. We then compare the result of the integral to the measured IGRB and find the maximum allowed value of the present PBH number density n PBH (t 0 ) at a given PBH mass M , with a conservative approach taking into account the most stringent constraints (e.g. FERMI-LAT C at E = 1 GeV). The corresponding limit on the DM fraction f constituted of PBHs of mass M is obtained through n PBH (t 0 ) = f ρ DM /M , where ρ DM ≈ 0.264 × ρ tot ≈ 2.65 × 10 −30 g·cm −3 is the current average DM density in the Universe [10] . If the maximum allowed fraction f is greater than 1, we set it to 1 in order not to exceed the observed DM density, meaning that the IGRB does not constrain f for the given PBH mass.
A. Monochromatic PBH distribution Fig. 2 (panel a) shows the resulting constraints for the DM fraction f in PBHs of mass M * for initial spins a * i ∈ {0, 0.9, 0.9999}. First, we see that the constraints are comparable with those of [3] . Our results do not present the feature just after the peak linked to primary/secondary photons domination explained in this article because we compute the secondary spectrum for all PBH masses. As a consequence, the peak is smoothed out. We see the second effect anticipated in Section II, that is to say the shifting of the constraint toward higher masses as the initial PBH spin parameter a * i increases. This is due to the fact that Kerr PBHs with high initial spin evaporate faster. Thus, in order to have the same kind of HR time-distribution as a Schwarzschild PBH, the PBH must have a higher initial mass. However, this is not accompanied with a more stringent constraint linked to the enhanced emission for Kerr PBHs. We understand this as follows: PBHs with a higher mass emit photons at lower energies (cf. the temperature-mass relation Eq. (1)) where the IGRB constraints are less severe. The two effects approximately cancel. The main result that we find is that if PBHs have a high initial spin parameter a * 1, the "small-mass" window 10 17 − 10 19 g can be closed up to almost one order of magnitude on its lower boundary. For the possible existence of such high spins, see for example [11] .
B. Extended PBH distribution
We also obtained constraints for extended mass functions to study the effects related to the width of the peak. Some pioneering work has been done in [12, 13] concerning extended mass functions, predicting that the constraints on an extended distribution should be more stringent than the expected constraint resulting from the addition of monochromatic distributions.
We considered extended mass functions of log-normal form
i.e. a Gaussian distribution in logarithmic scale for the number density (and NOT the density). A is an amplitude, linked to the fraction of DM into PBHs. To compute the spectra, BlackHawk tot [9] was used with spectrum choice = 5, and 10 different PBH masses ranging from M min = 10 12 g to M max = 10 19 g. We do not assume any model of PBH formation to justify this distribution, which is based on the fact that a Gaussian peak can mimic any peak in the PBH distribution resulting from a particular mechanism of formation, e.g. a first order phase transition [14] . We have done a similar scan to the one described in the previous section, with M * the mean of the Gaussian distribution ranging from 10 13 g to 10 18 g, and its width σ ∈ {0.1, 0.5, 1}. We have cut the distribution to 10 13 − 10 18 g because of the reasons explained in the Introduction. Fig. 3 shows examples of these distributions for M * = 3 × 10 15 g. Eq. (7) must be modified to obtain the fraction for an extended mass function. The flux is now given by
with dn/dM given by Eq. (9). The fraction of DM in form of PBHs is obtained by maximizing this flux (increasing the normalization constant A) while respecting all the IGRB constraints, and given by
It is again limited to 1 in order not to exceed the DM content of the universe. Even if the IGRB constraints valid at M * prevent A from exceeding its maximum value when σ → 0 (monochromatic distribution), we expect that when the distribution width σ increases, monochromatic IGRB constraints from M M * and M M * will become more and more important, thus limiting A. On the other hand, if σ increases, the full distribution integral that contributes to the DM fraction f increases as well because of the M M * and M M * contributions. The competition between the two effects is difficult to forecast. Fig. 2 (panels b, c and d) shows the constraints for distribution widths σ ∈ {0.1, 0.5, 1} (respectively) and a ∈ {0, 0.9, 0.9999}. There are 3 kinds of observations to be considered. 1) For a fixed PBH initial spin a * , when the width of the distribution σ increases, the excluded region widens. Indeed, for a sharp distribution, the IGRB constraints that play a role in limiting f are those close to the central mass M * . When the distribution gets wider, constraints from masses far from the central mass are important. As the constraints are the most severe for M peak 10 15 g, wide distributions centered on M * M peak and M * M peak , which have a tail reaching the peak mass, are severely constrained. This extends the excluded region to M M peak and M M peak and closes the 10 17 −10 19 g window for all DM made of PBHs.
2) For a fixed PBH initial spin a * , when the width of the distribution σ increases, the constraint on f close to the peak M peak decreases. This is due to the fact that the amplitude A of the mass distribution is most severely constrained by the M ≈ M peak contribution. If we extend the mass distribution around M peak , we do not add new strong IGRB constraints, but we increase the mass fraction f of DM into PBHs.
3) For a fixed width of the distribution σ, when the initial spin a * of the PBHs increases, the constraints are shifted toward higher central masses while being slightly more stringent. This is coherent with the results of Fig. 2  (panel a) for the monochromatic distributions.
We can sum up these observations in the following way. For an extended PBH mass function, the overall constraint comes from the PBHs evaporating today in this distribution with initial mass M = M peak . Distributions centered away from M peak are more and more constrained as the tail of the distribution is important at M peak : f decreases as σ increases because the maximum value of A decreases. Distributions centered close to M peak are not much more constrained when the distribution expands, the maximum value of A remains quite the same: f increases as σ increases because the distribution integral increases. The very same effects can be observed on the right panel of Fig. 2 of [13] .
V. CONCLUSION
In this Letter, we have updated the IGRB constraint on PBH evaporation for monochromatic Schwarzschild PBH distributions, using the latest FERMI-LAT data and the new code BlackHawk. This has resulted in enhancing the constraint on the masses of presently evaporating PBHs, and reducing the constraint on M peak 10 15 g. Our main result is the extension of the IGRB constraint from Schwarzschild to Kerr PBHs, and from monochromatic to extended mass functions. We have shown that increasing the initial spin parameter a * of PBHs to near extremal values can close the mass window 10 17 − 10 19 g (where PBHs could still represent all of the DM) by up to one order of magnitude in mass. We have also demonstrated that extended mass functions can allow a greater fraction of DM in the form of PBHs when they are centered close to the strongest monochromatic constraint, while they are more severely constrained when centered away from this peak. In this case, the allowed mass window can be reduced by an order of magnitude even with Schwarzschild PBHs.
